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ABSTRACT: DFT study revealed that the mechanism of
alkene epoxidation with hydrogen peroxide catalyzed by Ti-
containing polyoxometalates (POMs) depends on the Ti
coordination environment: for rigid and hindered Ti centers
the unprecedented B-oxygen transfer from Ti-hydroperoxo
species becomes favored over the a-oxygen one. Improving
the model for catalyst description, the calculations were able
to reproduced the Arrhenius activation energy values deter-
mined in kinetic studies. Unlike protonation, the possible
ion-pairing between POMs and countercations has a minor
effect on the electrophlicity of the catalyst, and consequent-
ly, on the activity of epoxidation.

INTRODUCTION

Ti-containing heterogeneous catalysts have shown re-
markable ability to accomplish selective oxidation of a wide
variety of organic compounds using the green oxidant -
aqueous H,0,."' Understanding of the mechanisms governing
catalysis by Ti at a molecular level is of particular importance
for creation of new efficient catalytic systems and rational
optimization of the existing ones. Ti-containing molecular
metal-oxide clusters, also called polyoxometalates (Ti-
POMs), have received significant attention as tractable mo-
lecular models for studying mechanisms of H,O, activation
over Ti centres.”
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Previously, we characterized computationally the hetero-
lytic mechanism for the oxidation of alkenes by H,O, cata-
lyzed by Ti(IV)-containing POMs.> Scheme 1 depicts the
proposed two-steps mechanism. First the Ti-hydroxo moiety
activates the hydrogen peroxide to form the Ti-peroxo and -
hydroperoxo intermediates. Then the more reactive hydrop-
eroxo species transfers the electrophilic o-oxygen to the
alkene yielding the epoxide. Theoretical studies have been
also reported for H202-based epoxidations by other type of
POMs: lacunary polyoxotungstates,* Se-containing dinuclear
peroxotungtates,” and divanadium-substituted polyoxotung-
states.® For the two latter systems the peroxo group is identi-
fied as the active species,>® whereas for lacunary polyoxo-
tungstates both hydroperoxo-** and peroxo-type*® mecha-
nisms were proposed. We showed that the nature of substi-
tuted metal has a significant effect on the mechanism.?

Interestingly, with increasing the number of protons in
Ti(IV)-substituted Keggin POMs Na, ,H,PTiW,,0,,, from n =
1to n = 2-5, the reaction yields mainly heterolytic products in
the cyclohexene oxidation with H,O,.” Posterior kinetic and
DFT studies revealed that protonation results in a significant
reduction of the activation energy (E,) for cyclooctene oxida-
tion catalyzed by [Bu,N],[PTi(OH)W,O,,] (TBA-1K), from
17.0 to 1.6 kcal.mol™, due to the lowering of the energy barri-
er for the heterolytic oxygen transfer from the Ti hydroper-
oxo intermediate.® Another interesting observation was that
on going from TBA-1K with 6-coordinated Ti to the Ti-
disubstituted sandwich-type [TiZ(OH)ZAszW19067(HZO)]8’
anion with 5-coordinated Ti environment, the activity and
selectivity towards heterolytic oxidation products increases.’

More recently, some of us reported the E, (14.5 + 0.3
kcal-mol™) for cyclooctene epoxidation in the presence of
TBA. Na, oK, ;H, o[ Ti,(OH),As,W,,04,(H,0)].* This E, value
lays between those of protonated and non-protonated Ti-
monosubstituted Keggin-type anions. Initially, we identified
the absence of dimer formation in the sandwich anion as a
factor favoring the activity of the oxidation process.> How-
ever, the computed oxygen-transfer barrier (23.6 kcal.mol™)**
for the bare anion [TiZ(OH)ZAsZWIQO@]& (1D) is significantly
higher suggesting that important effects are missing in our
molecular model. One possible reason for the low E, deter-
mined could be the presence of additional protons or K*



counter cations that might increase POM electrophilicity and
lower activation barrier. It might also be a partial dissocia-
tion of the Ti-O-W bond(s) during catalysis, thereby leading
to a more flexible and lower coordinated Ti environment that
reduces the energy requirements of the strained oxygen-
transfer transition state. Finally, the rigid and hindered Ti
environment in 1D might induce a change on the mechanism
in which the B-oxygen atom transfers from the Ti-
hydroperoxo group instead of the a-oxygen as shown in the
sulfoxidation by Ti-POMs.” Following our interest in the
reactivity of Ti molecular oxides>*®" here we extend the
theoretical study on the alkene epoxidation with H,O, cata-
lyzed by 1D. The new assessments include the modelling of
effects such as protonation, countercations, structure lability,
and mechanism dependence on the coordination environ-
ment. In addition, we present here further analysis of the
previously reported kinetic studies.**"

RESULTS AND DISCUSSION

The rate law for the TBA-1D-catalyzed cyclooctene oxi-
dation with H,0, was described earlier,® and according to
it, the Arrhenius activation energy can be expressed as

Ea =~ O'3AHTiOOH + AH7*

where AHriooy is enthalpy of the formation of Ti hydrop-
eroxo complex and AH" is enthalpy barrier of oxygen transfer
from active specie to substrate (see SI for details). From the
determined equilibrium constant of hydroperoxo complex
formation (K = 3.5 M");*® we estimated AHpoon in 0.6
kcal.mol™ (see SI for details). Thus, the contribution of
AHrioop on E; (ca. 0.2 kcal.mol™) is lower than the experi-
mental error in the E, determination, and consequently, we
can simply neglect the value of AHrooy and assume that E,
is determined by the barrier of oxygen transfer to the alkene.

We carried out DFT calculations™” on different molecular
models of Ti-monosubstituted Keggin-type anions
[HnPTi(OH)WuO”](“’“)’ (n =oand1, 1K and 1KH) and of Ti-
disubstituted sandwich-type anions
[KyH, Ti,(OH),As,W,,06 ] *™™ (m=n=01D,m =oand n =
11DH, m=1andn=01DKandm=n=1 1DHK), using eth-
ene as the simplest model substrate. We considered two
mechanisms involving heterolytic oxygen transfer from hy-
droperoxo species, where the ethene can attack either the a-
or B-oxygen (see Scheme 1). Table 1 compares the computed
energy barriers for a- and B-oxygen transfer from Ti hydrop-
eroxo species to alkene with the experimental Arrhenius
activation barriers. Figures 1 and 2 show the computed ener-
gy profiles and the geometry of key transition states, respec-
tively, for Ti-disubstituted anions.

Table 1. Comparison of experimental activation en-
ergies (E,) and computed energy barriers (AE").

POM E, [ref.] model AE* () AE’(B)
TBA-1K 17.0[8] 2K 18.7 18.0
TBA-1D 14.5 [2d] 2D 23.6 16.8

2DH 21.0 14.7
2DHK 20.2 13.3
TBA-1K + H* 11.6 [8] 2KH 12.7 13.2

(@) AE” for heterolytic a- and B-oxygen transfer. Energies
(kcal.mol™) in acetonitrile.

Within the series of studied Ti-containing POMs, the B-
oxygen transfer becomes significantly favored for the 5-
coordinated Ti-substituted sandwich-type anions (Table 1
and Figure 1). Note that the transition state TSDHp might
connect with an adduct in which the protonated epoxide
interacts with the basic Ti-O moiety via H-bonding. Howev-
er, attempts to obtain this adduct yielded the return of the
proton to the POM basic oxygen atoms without apparent
energy-barrier, resembling the mechanisms for alkene epoxi-
dation by peracids,” or sulfoxidation by Fe-hydroperoxo
complexes.” It is important to highlight that the mechanism
involving heterolytic B-oxygen transfer to the alkene is un-
precedented for Ti single-site catalysts. Initial computational
studies on Ti complex models without structural constrains
found a clear preference for the alkene attack to o-oxygen
over the attack to B-oxygen.”® In Ti-hydroperoxo group, the
6*0.0 orbital is polarized towards the a-oxygen atom, which
becomes better acceptor of the alkene nucleophilic attack in
the absence of sterical hindrance. Then, posterior mechanis-
tic studies using more sophisticated molecular models did
only considered a-oxygen transfer.” In a more general sense,
the B-oxygen transfer mechanism has been unprecedented
for d°-transition metal Ti-hydroperoxo complexes.”
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Figure 1. DFT potential energy profile in MeCN (kcal.mol™)
for ethene epoxidation catalyzed by [HTi,(OH),As,W,;Os,]”
(1DH) anion (- and B-oxygen transfer in blue and red).
Dashed lines correspond to 1D anion (ref. 3a).

Several factors can explain this switch in the mechanism
from a- to B-oxygen transfer. It was proposed that flexible
and low-coordinated Ti environments favor the heterolytic
a-oxygen transfer.® As well, reducing the negative charge of
the POM promotes the transfer of electrophilic oxygens to
alkene.® In hydroperoxo species, 2D or 2DH, the Ti atom is
strongly bounded to four neighbouring tungstates through
oxygen bridges forming rigid square-planar Ti(OW), moiety,
and it is embedded in POM framework. Thus, the corre-
sponding transition states for a-oxygen transfer, TS2D, or
TS2DH,, are far from the optimal non-sterically hindered
and six-fold octahedral coordination observed for model
mononuclear Ti complexes.'”® On the other hand, the p-
oxygen transfer proceeds without significant distortion of the
Ti environment and farther from the active center (see Fig-
ure 2 for TS2DHgand Figure 3 for TS2Kp) what enables to
achieve lower energy barriers. If we compare Keggin- and



sandwich-type species, 2KH and 2DH, with the same charge
density distribution (charge/metal ratio = 0.33), we observe
that the energy barriers for B-oxygen anions are very similar
(14.7 and 13.2 kcal.mol™ for 2DH and 2KH), whereas for a-
oxygen transfer the energy barrier in 2DH is significantly
higher than in 1KH (21.0 vs. 12.7 kcal.mol™). This indicates
that the distortion of Ti environment for a-oxygen transfer is
significantly larger in the 5-coordinated Ti of sandwich-type
POM than in that of Keggin-type POM, and as a conse-
quence, the preferred path for the sandwich-type species
proceeds through B-oxygen transfer (Figure 2).

TS2DH,,
Figure 2. Representation (top view) of the transition states
for - and B-oxygen transfer to ethene from 2DH anion.

Figure 3. Representation (top view) of the transition state for
B-oxygen transfer to ethene from 2K anion.

Combining the mechanistic switch and protonation ef-
fects, the calculations nicely reproduce the activation energy
values (see Table 1) and explain the activity and selectivity
variation as a function of Ti environment. On-going from 6-
coordinated Ti in 1K to 5-coordinate in 1D, the strain of the
o-oxygen transfer transition states increases but the POM
becomes more electrophilic (from charge/metal ratio = 0.42
to 0.38) reducing the energy barrier for the non-distorted f-
oxygen transfer from 18.0 to 16.8 kcal.mol™”. Adding a proton
to the POM structure at the Ti-O-W bridging oxygen, 2DH,
the electrophilicity increases and the energy barrier lowers
(14.7 kcal.mol™) reaching a value very close to the experimen-
tally observed E, energy (14.5 kcal.mol™). Thus, the protonat-
ed 2DH structure represents better the catalytic species in
agreement with experiments, in which the neutralization of
the protons in TBA,Na, K, H,s[Ti,(OH),As,W, Og,] cata-
lyst using TBAOH led to a drastic decrease of activity and
selectivity toward heterolytic oxidation products.*® For both
types of POMs, our calculations tend to overestimate the
energy barrier as compared to experimental values (see Table
1). In part, this is due to the use of model ethene instead of
larger and more nucleophilic cyclooctene. In a combined
experimental/computational approach, we showed that the

higher the nucleophilicity of the alkene, the higher the epox-
idation activity by Ti-substituted sandwich-type anions.?

Since the chemical formula of the Ti-disubstituted sand-
wich POM contains also alkali metal counter cations, in
acetonitrile solvent the POM may form ion pairs with K%,
producing an effect similar to protonation. We computed the
oxygen transfer energy barriers from hydroperoxo anion
[KTi(OOH)Ti(OH)As,W,;Os,]” (2DK), where the potassium
cation was placed at a W,0, hole next to the Ti-OOH group.
However, in this case, the calculated energy barriers for (-
oxygen transfer is very close (17.2 kcal.mol™) to that of the
bare anion 2D (16.8 kcal.mol™). Similarly, adding K* to 2DH
has also a marginal effect to the energy barrier of a- and B-
oxygen transfer (see Table 1, 2DHK anion). The direct inter-
action of the countercation with the POM framework does
not appreciably influence the electrophilicity of the POM in
contrast to that observed for protonation. The K'---POM
interaction has a strong ionic character, and consequently,
the additional positive charge is retained in the potassium
ion. Accordantly, the computed electrostatic-based atomic
charge for the potassium in 2DK is +0.93 e, whereas for the
additional proton in 2DH it is significantly lower +o0.49 e.
Thus, unlike protonation, the ion-pairing with K* does not
affect the rate of heterolytic oxygen transfer from the active
Ti-hydroperoxo species.
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Figure 4. Schematic representation of a possible pathway for
a-oxygen transfer to alkene involving a metal-oxygen bond
breaking as a result of protonation. Relative energies in
kcal.mol™.

Finally, we evaluated another possible mechanism consist-
ing of the formation of a metastable structure from 2DH. The
protonation at the Ti-O-W bridging oxygen of 2D may re-
versible dissociate one Ti-O(H) bond during the catalysis,
thereby making the Ti centre lower coordinated. In this
intermediate, 2DH’, the new W-hydroxo group is stabilized
via intramolecular hydrogen-bond with the adjacent Ti-O-W
bridging oxygen (Figure 4). The energy required to form
2DH’ is moderate (+9.1 kcal.mol™) and the energy barrier for
a-oxygen barrier from 2DH’ is lower than that from 2DH
species (18.5 vs. 23.6 kcal.mol™). However this path is unlike
because the energy cost of the overall process (27.6 kcal.mol
") is significantly higher than that for non-dissociative path-
way.

CONCLUSIONS

We demonstrated an unprecedented mechanism for the
alkene epoxidation with H,O, catalyzed by Ti single-site.
When Ti center is rigid and hindered, the transfer of the
non-distorted B-oxygen to the alkene becomes significantly
favored. This switch of the mechanism, along with the pres-
ence of protons in the POM structure that enhances electro-



philicity, explains the increase of activity and heterolytic
selectivity of Ti-disubstituted sandwich-type
[TiZ(OH)ZASZW19067(HZO)]8' anion with respect to Keggin-
type [PTi(OH)W,,0,]* anion. Unlike protonation, the even-
tual formation of ion-pairing would not influence the elec-
trophilicity of the POM catalyst during the oxidation process.

EXPERIMENTAL SECTION

Computational Details. Calculations were performed
with Gaussianog package™ at the DFT level by means of the
hybrid exchange-correlation B3LYP functional.” For Ti, W
and As atoms, the LANL2DZ pseudopotential was used.”” The
6-31G(d,p) basis set™ was used for the C and H atoms, as well
as for the O atoms of hydrogen peroxide and directly bound
to Ti. For the rest of atoms, we employed a 6-31G basis set.”
Geometry optimization in vacuum of all reactants, interme-
diates and of the transition states were performed without
any symmetry constrains. The transition states were charac-
terized by a single imaginary frequency and the normal mode
which corresponds to the expected reaction path. Solvent
effects were included by means of SMD model* single point
calculations as implemented in Gaussianog,” using the most
common experimental reported acetonitrile dielectric con-
stant, € = 36.64. The use of continuum solvent models has
revealed as absolutely fundamental for the modeling of these
large anions (see ref. 13). CHelpG scheme™ was used to com-
pute atomic charges, in which charges are fitted to the elec-
trostatic potential.
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DFT study revealed that the mechanism of alkene epoxidation with hydrogen peroxide catalyzed by Ti-containing
polyoxometalates (POMs) depends on the Ti coordination environment: for rigid and hindered Ti centers the un-
precedented fB-oxygen transfer from Ti-hydroperoxo species becomes favored over the a-oxygen one.
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